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ALSTFACT 



H’lic i^ifluoiiCG of rcFic-tioa heat trajisfcr on the forced 
coavootion don/’-natef’ boat trannfer problon han not been 
cstablinhcd, Isi annl-^tic cn lution for thin problcn ic 
proronted for the c'lr.biTied radiation and convection heat 
tranefer frer: a tirebulcntly flov.'inr; hot fluid in a lonr; 
circiiln.r pipe. A aanple nunerical ca!!cuI-atlon ia carried 
to completion for pure carbon dior.idc flov;inp in a t\.'o 
inch diajnoter pipe, ronntont inean value fluid proportion 
arc ttssuracd throughout tho analysis. T’’o result s of this 
rostrlctcd solution sho\; that radiation effects do cause 
a :*ain in the total not heat transfer rate to the pipe v;all 
conparod with an oeuivalcnt scro radiation solution. ’To\7- 
ox'^or, it is also shotsi that tho sica of independont radiation 
and convoctioii solutions cannot bo used for an adequate 
description of tho oori)inod radiation and convection heat 
transfer solution. 
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The need Tor an analytic coluticn to this co b5.nocl 
radiation and convection heat tronofor problcn v;as first 
brou'ht to ny attention by Ih’ofosoor '.'arrcn Kolisenow 



of the . iochajilcal ',n Inoorln'” •e'part’';ont of 



His 



suyHcstionc and coivasol led me to the yonoral or.tonsion 
of the von Karmn convection heat transfer analysis for 
•pipe flov; to include the offects of radiation. 

Special tharfes are duo to "rofossor Hoyt C. Hottcl 
of tlio CiiQ'nical ’.'noinGcrlnr; ' opart nent at "''IT for provid- 
inp the nothod of so luticn for the total not radiation 
heat fluz received by any inf 5.nitosirial control voluzno of 
cas in tho pipe. Ills consultation on i:zmy of tho other 
radiation considerations involved in t. is thesis ivas also 
of special valuG. 



Edward S. Cohen, r;raduato student in Ghenical •riyfuneer- 
inr at HIT, v;as of assistanco on frequent occasions in giving 
me instruction and a''vicc on many of tho radiation aspects 
of trils thesis. 
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riuicl flov’ heat tranofor r>r>ohlcr:c hi'-’h 

tc”:perafcurc3 liavc bec'^-ic ?norc Gi"nirica:'\t roccatl*^' v;lth the 
'“rouinf; rur'-boi* of hit’h tc:..;>cvatLa’Q appltcatio'ie , 

At those hi her tc ”Dci'’atu'’o; , all fluil flov: heat trane- 
foT* eroblcns irivo3.vlr the hotcrooolaj'’ evson iviay ho s" ^ilficcer'c- 
ly a'^foctee or* co'itrcllo^' hy therpjil r’afiatloa* ''he tvo noot 
notev;ortiay yasos that fit into this cato "oiA’' aater vapor 
and carbon nio.v;idc* 

Tho aialytieal so?.uti.)ii fov’ an, hoat traiofor ^r'>hlcn 
invcTvlnj foj'co convoci-io. i host oranefor a tarhalont 
rior:i;i': flui'-', conolo^’’ '.v‘ th th.ev".al vaiiatiori to an ’’ froiii that 
fluif , is relatively <'hir'’lcult to obtain. 

Tor the ciu'^lo enso of stcaly flo;; of a. flai in a 
circul:u’ the iuc'cnondcat foncol co'iV3ct.l''n celatlen has 

receive .,:ooe. aialytical tnoat**icn,t , c3y>ocial.l„' when nadcrat^ 
to’':oorat\.iro r'll por'iit th.o asaii :~'tion of co'-.;,:.tant 

fluid ’^rro .'-‘ortic!. [d] [lO] 

Tlic Indcnchdont radiation prehlcn Involvl i'; n ’lon-uniforr.i 
to:r.poi‘at'ja'c c.ietribut Ion In a :;aa ''Xir- rccoivcci voiy I'ttle 
analytical troatnont. nothod of solution [l] for t’llr. 

radiation problon hac boon preseutod, ivith a rjanplo nusiorical 
soluti'^n for a fumaoo type prohlor' in v;hlch flul'. convection 
hoat tr-ensfor is rclatlvc'ly smll. 

Ab .0 ce»upliii , effect of c/i.hin' ' the com’cctlon hoat 
transfer with t?'i.o ra'-’latior. increases tlio co~/d' c::ity of the 
prsblcn. '"he tvo irdenendent aolvtions ca;in''t bo s h', Iv a dc ' 
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to{iGtaor to produco a:''- a 'oqu.-'.tc :iot boat tranarGi* ooliition. 

^'act, sono G::porlnontal ovidonco^: ho.z 5 .'^ .‘‘.icatGC? that the 
racllatic.*, couple^’ v.'itii the cotivoct:l:>..i h.oe.t tra ijf .r fron a 
i\. liatliii', oGD, Is actually, dstri’-iental, 'or 'S',. ..lo'*, thn 
not heat t:-’'ULarci'‘ a hat tiirhi.lent riov.*n<; rt •h;-.,,: ni;; ••:a3 

suc’i a. c--rjo.i ’.'e‘';ldr ’.’'i. i ' ’ 3 t'lo,- the not hoot tra:iO” 

hci'’ 'v-'. ' Tioa-"'''dio.t 1'3 an on.ch c/ indj:” L'do-.-t teal 

CO'; '.tlenc, ':h: li;';ito ' ■r,-:por'' .oato.l ■. ■.idonce in :io't oen'.l'vaivoj 
but It in a 'par on t that tho ra'Iiatlo of .jo'tn r:rc at niticant 
In h<;at tnancxor fron radiatin' ‘-asGS at hi.;hcr ta';>eraturea, 

L'hj objjcuivc o- t'rh'. ^hcale le t car'',^ oil'’ a\ 

<u.4i^w.,- b*,LCc*«i. vi t/ L .w. / ' C; O >./ c? V .L ^ ^ ci. w . . . lOcXo 
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hla anal "Gia v;.Ml 00 linitcd to noc'.crate 



toranoratUTv^ o.-trOi-oo b;; tho area apt lo.* Ox' constant ’ Inid 
pro 'ortio 1. 
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The firet in thie analynir. '.‘oqalrocl n thorou; h 

rcviei.*.' ana atudj of tho independent fo’^ce I convovot 'an heat 
transfer ana?uyois far turbulent flov; of flails '.nsidc tubes. 

'..iiic analysis vac, then reooatod in dotall with the 
ad ■. It ion of tlae nscossary radiation toms, .'he r;ethocl of 
this solution on.Vloycd the atialo.'py bot’jce.- rarlial transfer 
of heat and nonentun in X 0 T 14 ; tubes, ao carried to solution 
in ine von ■arnan analysis. [l (3 

The followin;" boundary conditions and 1 frit at Ions were 
in )ofloc by this sol^ition; 

1 , s'.ar.ination is "ostrictod to a .-Ivon cross-ooctlon 
of an axisynotric fluid flow in a Ion circular 
tube. 

2, "oderate temoraturc oxtrenes exist so 

(a) pliysioal )ro’)orticc bo aenu od to 

be indeuendont of tc-.poratures 

(b) ton.porature y.radients Iiave no effect 
on the velocity rad i onto. 

.b, Tho fluid is in a state of ■’steads’"'’ fully 
Gcvoloood tui’bulont flo*;« The velocity 
distribution is ylvon by the cxooriuental 
data of riimradse. [c] pare 154 
Tho details of the first phase ( ^haso A) of the analysis 
are shown in Appendix I. Tho stoos of this analysis aro out- 
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case, 
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St on 2 

CfXTT^j out the ■aonontun tranc.lcr analysis in ort'^or to 
obtain tho o'^nressinn for the apparent shear otrocc at any 
racius, Tho r.onentun oquation rr*ay bo sirrjlifiod to tho 
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See Appendix I A 
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Figure II a - Forces acting on fluid within, control volume. 




Plg\ire II b - Pluxea of enthalpy and kinetic energy 
throxigh the control surface. 




Figure II c - Rates of shearing work at the control surface 
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Carry out an oncryj balance on thic olo’'ioii'l. jn^roauco 
tho confc:5 lulty ancl no- entun oquatlona, then crop all acconcl 
orrer tcriuS an.-’ contr5.butionc ol relatively- uJaior oian: fioa-ico 
to obtain tho folio:.’! ; oror^-y^ oquatlon aa a rcaalt." 
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(Forced convection) (haciiation) 
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nlnoro (q/A/^ is a function ropresentin.; the raliatlon hoat 
transfer rate at this point per unit area norcial i;o tivo a^ris. 
(This torn in evaluated in Fnaso D) 
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(Puliation beat tranGfer is assoiaol to represent 
a c'aall fraction of the total hoat transfer 
at tho '.vail. ) 
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Tho tiroG averayo ^'aluo of tho a'ial velocity 
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The ana3.o:v bot-,,oen on/aat.*oiio (IS) o;id (14) is obvious, 
but; unfortunately a fitll analo,:y is nov; inarron by tho ad- 
ditional radiation t:'rn in the heat traasfer equation. lis 
terr .1 will receive noro detailed c:ci.vTination duriny haso ' . 
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tliO'ir ii ;C iSi ■' :.Loso <..y '/n louts //''’) a . ' 

s f (y-^) 



ijv;^) = f'(r^) 






”no ratio of the eddy dif^asivii ics is .nnor-ooso'"' b;« 



(12) 

(14) 



(IS ) 
(IS) 



( 17 ) 



I 




11 



Those oreresnlnns are co, .bir.ee' v?lth ccu.atioiia (13) anc' 
(14) to obta'.n the followiri rlif repent ial equation rolatin.’’ 
t and y~^ 



-dt 







( 10 ) 



Step S 

jlntofrato thin tenporaturc distribution equation to find 
the tomporaturc t as a function of y"*". Tho first half of • 
this equation can be intvOf;ratcd directly after certain 
oinplif ications nro '.nacie as sliowi in the vo'. Karnan soli',txon. 
The second part involv'ny the radiation, heat fluji v'ill require 
r-raphic interrat iorx, ajid rill bo discussed in fliaoc . 

Intoqrat ion is carried out separately in each of the 
tlirce aones which are usod to doscri'oc the x'clocity • istri- 



bution< 



(a) Zono I, baninar layer, ( 0<y < 5 ’ 



i* 1 

Lv = y J 



I , 



('/) = 1 



( 10 ) 



assunc 



(1 - 



V ) » 1 
rl 



Then 



(-1 - r ) 












<\/«\ Y 



( 20 ) 



o 



-x< 




12 



(b) 



o:ic 11, i arfoi'’ lajcr, < ^0) 

, = (b/y-^) 



= u . 35 + b/a 



( 21 ) 



r»*t- 
■" r» 



A33UT.20 (1 - l "*" ) = 1 

Then ^ 






rT. S 



L 




isaur.o 



V “ «./»o+2»c/ ^n. j 

-7 « 1 

in 



* (2.5/y+) 



‘■'Pr 



'i‘hcn 






>o 










[f aV--:) 1 



This is as far as t?ie analysis can be carried without 
evaluation of the radiation heat transfor function (qA\),,. 



aIL . K X 



M' '-Tr 



(22) 



(23) 



(24) 



In order to evaluate the radiation heat transfer crooslnr' 
tho bomdarios of the jiven r;L'i";-ohapod control volum e, it is 



CuS£(fJ 



13 




Figure III 



I'x 



coxiVG::laui; to Cocuc autcutio.i on or:o roorc3o:itative njvnll 
cube control volxino In that rinr;, '?]iic cube is locatoc? at 
spocifiod cylindrical coordinatos 

dl'iensions dr. by r, d<^, bv dz, ♦ j'he net radiate i^n heat 

X*. 1 ' 1 

transfer trcuu. dtted to this cube inay be divldcc into throe 
conjjonents: (1) o:.''.icslon fr'^ni tho cube, {2) ab scroti on of 

radiation from the oioo v/ai Is and (3) absorption of ro.c’latio’n 
fro a all the other '*ain :’n tho 'oirc. 



unfortunately , the nr.ti.trc of tho radia.tio^ -;oT^,yclcn does 
o.ot per; lit rcditction to a rclatl^'Cly sb'.ple tv7o-''’5..-.oncional 
oroMon as in the caso of tho convection cvr.lur.t* ''u . 'dbc up 



and dovm stroan contr lout Ions to tho overall radiatlo..:. hoat 
trtinsfor to a yiven ctj.be arc si;m;ir.icant and ncorssary for 
aloquato evaluation. 

.. irsfc, tnc absorotion of radi.ation frori all tho ether 
in tho pipo v;ill bo considorod, Tho i;as is asounod to be 
for the tino bo5.nr for sirvo?, Icity , Ph’s t;ill be corrocted 
later on, The pipo wall is assvaoed to be black. 



rav 



htoD 1 



...valuato the radiation 

by the c^ven cube (1) at r^, 
(2) at distance (s) located 



omission ( 


[d~q)^ tvhich is recolvod 


b, and X- 


f r .<n Goieo otb.cr cube 


1 X 




at r o , " o 


and Xo as shown in 

C* 



'“i./uro III, 'i’he description of the evaluation of this quait.'ty 
is Iven la detail for the fencral ease by ' , Cohort, [ij 
The one way rnt?iatlon (d-q)^^ froni cube (2), (dv^), to cube (1), 
(c.v^), is xraaj to tho o’''' o1j'> frou citbc {‘'h'j (■’ 







I 



4 





uultiiiliocl the tra.K.?r.itta:icc o.f tlio vvc ilr 

** ^ s 

(g ), and by tho absor ">t;iv;ltj of cubo (1), 

/ - e = (^:) 

olonent of dil’for jntial tb5.clricnG * 






lor an 



oo- 



(Aj, 



<LlirP 






(2ba) 



Then for this case: 



k' ( ^ ^ ^ 

\ ''4.-^1-% {25b) 



1 



-^'Tr^fr^tr^ - .^v-v cos©.,t 
^1 a 



V- V 

» <3w 



T.'horo z<5'(1b3)*, S is tho enicsion coofficient for tho cas 
and is tho absorption coofficient.* It is convonient to 
rov<Tite this oouation in ciinaensionloss forni. 



.ot a^» iv-^/h)" (rV - 2(r-, /f ) (ro/r ) cos-*^ 



X 8 (Xp/’- ) t 



and dv^ s 



Thon 





Soe Appendix II A 



r 



I 



i 



I 








Inte;::ratG thlc c;cprooslon alcn.:: tho co'vplote lesvth of 

ry 

the pipe in. order to obta.in the radiation eniasion (d'“*q) 

fj 

\7hlch io recoivod bj cubo (1) fron a thin r^as rof' v^lonont 



iocai:eci 



and d oxtondinp the full lenptli of t' o pipe. 



..t tliij point it is ticcoc 3 cwX*"y to niCvx :g eoric aeniiiptiou 
conccniln" the anial to. noratnre variation at r^. It is 

w 

aeauned for this probleri that tho o:cial to- iporcturc 'rniicnt 
is rolatlvoly small (and constant v;ith radiiis at any piven 
ci’ons-soctlon an shovr: in 'Iiaso A), fhcroforo, at any yivon 
croae-soctlou the tcu. loraturc v.t any . ivon r..ciuG be 

ascu:vod. constaiit \;lth Icnytli for purnos(;e of tnls he toy rat ion. 




( 27 ) 



lot 



a 



S cos ^ , sin - y'. 



/ n p 

•N/a 



P P 




iPiteci’Cil can bo carried out numoricnlly for a suitaMo 

■ ' 1 / r- 

ranpe of values of (K^Pa). Tho plot of (o ) vorcus 

at constant {'l^ne.) value is shor;n in Flfurc rf. 'fho intorralo 

of these curves nultioliod by ( 1. ) are plotfod ayainnt (a) 

a 

at constant values of (’<q^"') in I'iyuro V, These curvos are 



then cross-plotted on r.onl-lof; paper. 



L 



J- 

o_ 



e 






versus {’^'oP) o.t constant (a) in order to aid in intei’polation 

to any desired \mluc of {!'?)» It should be noted that those 

a 

curves can be used, for a wide ranco of pipe flow rad.iation 
problonc and are not rostrlctod to any spooific nui.iorical 
oxar:plo • 



Step 3 

O 

'■otor-Tiine tho radiation emission {d‘'q).. which is rocolvod 

€_*> 

by cubo (1) from a thin cylindrical shell of me entendiny tho 
full len/’-th of tho pipe 07 :nctrical\y located about tho center 
at radius r^« The previous expression is tho:a to be Into ratod 



about e at constant rp. 




(SO) 



hotc that (a) is a loiown function of for an;,' yivon 
value of ( r-^ ) aaf2 ( ^ ) • i''‘ 



:t is therefore nost convenient 

to carry out this lutof.ral at soao speoifiod value or scries 
of values of tho paranctor 



fee ’n! :urea VI, VII, and VIII 



18 



Figure IV 





- 19 - 





20 




I 



y,o 









o 
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Fifrure VII 







r 



- 22 - 




jO acoo I'm l3h thi3 rlntcr ou'i I.}:-' i ol3.ov;:^.n.' 

'rwoCOr'XVCG : 



( a ) Klot 



I \ ' 

' a Si 'd 



versus (a) at cone taut 



L uJ ij 

values o.f (’ ’l'"are V'. 

C. 

(b) ovalua.to (a) as a ruuctior of -'o at .jivon valuos 



or ( ) and ( ^'2 ) . 






(c) nlot 






vovGUL as cbtal lod 



y 5 0 

.fron the previous plot at the corres pondir.;;. valuoc 
of (a), for ^ivon valuos of ^ and ^ . 

(d) carry out nunorical intopratlons of the result inp 
plots frora “o - d to 9 : d. 



The rooults of the iutopration for a, sanplo oviluo of 

~ . ro . 

P ^ I 0*7'^ arc Ghov;n In ’'5. pure 1 slotted a. ;ainst ( ■" ) at 

a ■= 



constant valuos of { ^’l ) . 



Stoo 4 

imaffca 

etor-'nino the radiation (d.q)., v;hlch is receix'^od by 

. j 

cube (1) froj.i the whole pas in the pipe, fnat is, intopratc 




■“•''oo rinire TX for a oarr.>lc 



1 



i 

I 

i 

i 



U’ 
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I 




r 



25 




Vnv 



ot 



r.v.. ■ 



i. ir: 



l.rlio.-r’al . "^fortiinaioly , yno IsiribUbloii wil'-b. ( 2 ) 

i . 

is uauallj an •ojiiaiovni .for any ;;ivon problcri. 'x’/iIg v.-ill Igo.' 
to a trial and oi'ror roitcrati.jr. ,:>rococ.ui’o to QGtablinh the 
prooor to;n ;ornt:.n’o d ntr‘' './■’tl j. , 



'.too C 



’lent concidor the aVsorptiori of vadiatloa fror the v.holo 
pipe \7all, ' Irst, GX'aluate the radiation eolscion (d'^q)^., 
vihich io rocoivod by the ( 3 Ube ( 1 ) fror. an area cio '.ent 

on the pi 00 v.all of J*i xOl kj lone 1'^ d ^ by ;b:_ located '.vt 
distance (a ) at r » , ccid (The nioo v.-all Is 

o o o o 

assunod tc bo blacl^* ) 

«*/ 

The one way radiation, (d*^q)^.^, iron the r/all area 
element ,{dA^ ) to the .'os cute (i), (dv, ). is equal to the 
emission fron 'cho u’all olo- .0 it ^ ), niultlpllo'.' by the 
cosine of the aeylo b"!t'voyi t'^o cin.^octln.; 11 ic s-id tho 
nor-ml to dA .,(cos /f), by the trans .ittanco of tlie lr.tcr- 
veninfj cas (0 an’ by the absorpt.lv.lty of tho yas 

cubo (1), , 






(4l- 



Wf.. e" 



K 'I ^ 

' ^ O- 



H rrz 



:z 

o 



(ria) 



Uor this case, (cosine i) cai be shorn to bo 






Zo 



fi' r. co s 




0^ + 



a 

o 



See Appendix II 



i 



(9 



<ee 






t 



t 



I 

P 

I 







I 



'^hoTofovo 



•• ^ 



/ — hC t' f\ Ci-iZ- ^ t" “Y 

/ 3. _ tjk£. mnCh- . c .. 9.^ ' " 

^■■■ |a. ^ 7 r[r'^+ 



(r>it) 



which can bo sinplifiod in r^’inoncionlocs ror::i ac in ntcn 1 
for the -^as, r»o 






J- 

I'f 







”'«''Ji 

step G 

mrnrnmmmHmmAm m» 

Intciiratc this oppression alone the complete los^*th 
of the plpo in order to obtain t-is radiation eniosion (d^q)^, 
which is received bp cabo (1) f-re ■ a thir; atrip vail olcnont 
GPtondiu;; the Icapth of the nine at r = '' oe.d « . /.-a: -, 

the a:'ial variation in -rail te*n~eraturc in ncpleetcd for 
purposos of tnic hntc; ■ration, 

r 






'^vS. 



(% 









e 



4-0 



PY' 

o/ A. y, 

~ J J 



Acain voriablos aro chanpod in order to avoif l^ifhilt;;. 



2 



hot o 

^‘o ® ^ ^ 2 ^ cos G 



•TT ^ t \ 

-o ^ ^ 



and 






2 

a" 

p o 







I \ 






t / 
\ ' 



^:-‘ 



'hie inl:o”ral can be carriec’ out •’iirior l.call'’- 2gv a o .litoblc 



ran ;c of valuoo of (IvVa^). '.'he plot 02 

Q. o 



e . co-p 4:1 



vorous ^ at enniitoi'-t (IC^Ra^) values lo G’loxm in ’'i/jiu’ 

•1 

?ho intOfni'als of those curves r:ultiplio''’ by -io ' Icttcc’ 

"O 



arT-iiist 'C.^l at consta.:;; value', of (h„" ) i. . 1 ;arc 

O nA 

cluu'Cl! a*.-’o a„so crose-.ilottcc on wvo .l-lo,’ pa.a/; # 



, 'fhOGO 



/ 1 


r 

L 


Lo^ 


X 

O- 

L - ) 

0 



e ' C 05 



versus at constant (a ). 

^ 0 



b.,.>p 7 

■ >otem?.no tiio radiation o ussicr. (uv';... v;liion is rocoi'v'cd 
by cube (1) fron tho u'.olc plr^’O «7all b .L:to nation of tho 
procoodln^ eceprcGclon around tho circu'f’c:-'’o ico of tiio pipe. 






\(h Kii 

I \ c^^ iji/ p 5 



i 



.-'4 



j 



(1 

R iP 



< 



^ -0^4'' b/ 



(S5) 



A 


^ V 0 
o 

con.ctant 


for this 


into 


the 




Ilo'oovcr, 





of e . 



•’•• 3oo Fl;j 0 i’ 0 S >:ill, : and aV 



anr 
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Figure XI 
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!,1 







J 
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o 








Thoreforo, the sano procod'oro c.n used l;i tho j.a; 



a saoll 



iri-bQ';ratioii should be cai-’:\tod out hero, 
(a) plot (p - . n(j 



voroiu’ a at 
o 



conotait vaiaos of II .s’ (i'i,_,ui’e XIl) 



a 



(b) ovaluabo a n.s a fiViOtlon o:v at civen valuor, of 
O o 



( ''l ) 

TT 

(c) Plot (1 - ^ 003 -9^) 



r 



"/a 



a. 



K 

e l^*tcos V''ci?y 



for niven valnoo of K 7: and ( ) ^* 

^ ir 

(d) carr'i out nunorical iritofratiou of tho rooultir.n 
plots from ^ r 0 to ■ TT • 

O 

Tho rosulto of then 3 into pv-tiono at a canplv.. value of 
K R s 0*7G arc shotm in l ipar-o X/II2' plotted c.;^'a^..i3t ( )• 



\» vAuO 



o 



stop G 

rinallp, Jotoroilno the radia.t:Io.i onlocion fi’o.i 

tho cuho (1). This one la cin;plc. 

(dq^ a - 4 

or in diaonoionlosG fort'. 

(dq) ; - 4{K R)(i: ) 

€ el “*iTr 



(50) 



(57) 



Stop 9 

Coidiino thoso radiation oonpononta i'ron oquatlono (CD), 
(55), and (57) to dotornino tho net radiation heat tranofer ':c 
tho cube (1) 



( <3q )y : ( dq )^ + ( do ^ ( dq| 



(5.3) 



"Soo I'ipuro XVII 



36 





37 





*ao 30 oci*r:s alioula aoi; be corrnctod To:* tho .Tact; •j’la'o "Jbc :cll 
:lc real a^d aot a jTa'j ;qd as assu’aod ao .Car. ..acli tern 
shoiild be i.iultipliod by tlio real as traas-'.lbuajicc '•o'. 

Cactor (x)^. I'hiG factor :my be tliou'fat of as tha'o il’aotLo i 
of tho total i>poctrui.» occupioJ oi cho absorption and or.lnslon 
of tho reax i,as, so tho ronainliv, rraotlr.* (1 - (.n) ) 

reorosontfl tranoparont non-absorbin:; and non-e’i5.tt:ln • ’as. 

(:•;) .la •rraj.uat -^d as a fu totion of tho '^as c; iloalvit5.es at 






a yivon PL value (e.) Q’t a double P_L va3.ue.(€o 






2 



(x) 



‘Ciiorcfore# for tho real "aa 



(dq) s (x) (''q) (x) .(dq)_ (:t) (do) 

r i G ^ w. L G 

llov/ tho total net radiation heat transfer croaslnq the 
boundaries of t’lis cube ror unit of its oroa norr.ial to tiic 

dci 



(39) 



pipe \;axj, 



r dh. dx^ 

111 




Since this ciCdo is 



typical of all cubos 1:: a rrlny control volunc at constant 

radius r^ , thxc onpo’csoion also roprosonts tho net ru-.'.laalon 

heat flux to tho riny control \-o1usk). 

This nou represents the not radiation heat .flux to a 

rl 1 * control volunc of real yas of tblclcnoss 0 { ), To 

T 

obtain tho not rad5.ation heat flue: :>or ui^it dleioncie iloss 

control voluiuc thic'cno-n , oinply xlvido by d{ ^'1 ), "his 

TT" 

Gives tho required radiation po.lnt fCinction, (q/A)_, xili-.x.i ir 



tiia iiot. radial;!©:! hoab trariar-jr to a control volu;\o oqt u.'iit 
area aorru.1 cq t'lo './all for a dl'T.oasio:alocs itilt t'xlclrions or 

I'J* 

coatrol voltrae. Thou 



(q/A) Z (q/A) 

r n;ao 






oniosioa 



whoro i » . \ 




& : O 
o 



{40) 



(41) 



(42) 



(q/A) 

omission 



- 4(x)^,(K^R) 




(4o) 



FhASE C 



^fu-Morical Tomporature Calculation Tor c. Gpocirie 
T^canplo ^ 



III order to lllustrato the application of the precedini^ 
rooults to an actual prohlon, a spoclfic c:x;anplo rill bo 
s ol vod numeric ally^ • 

The statomont of the -xroblon ie as f oilers? 
rirst, consider a non-rad ia tin-” }r/pobhcl*.1cal an 

turbulentlp flov/ine in o, lone cool nine# Thi.s n^''-r''>.d5.at in'~^ 



The si nificonce of the selection of this term as tne 
radiation £“unction, (q/A)„, xvhich forms a part of (q/A)„„- 
in equation (7) is discussod In detail in the 
Discussion of results. 



I 




m 



- <L0 - 






r-.t-iL-:! v:- 



")VJ 



*.’t L'.'L 






,ar.-'^oi, '’.to: 



coivcctlon Tiv":’ tUi: 



icQ. TI.o ta'b'Ci ’loal Vr’a’cfci' 
’X'pothetical t;o the tube v;all 



uill 



be CQlculatocl undor the rollou';ln,;'; physical conditions. 



u^) Pipe (.iamotor, ■"' = 1' inches 

(b) Reynolds Ilunbor of rioi7, 

U s « 20,000 

Pc ■ 

^'O 

(c; Cras pros sure p ■ 1 at^'-osphero 
(d) Pipe v/all teaporaturc, 

T a 550*^ 

o 

(o) Fulk yas temperature. 



T, ■ 2000®R 

b 



V7herc nay bo dofinod as 



C^- 



H 

.C^ , 



- / 



r 



dr 



' 1- 







o 

t 


1 Sldr T dr* 






(f) ^as 


film to'-'p 


m 

* 


= « 127S®R 







C5J (4d) 



All physical properties arc evaluator? at the 
film temporaturc. Theso aro tabulated in 
Appendix III. 



Pron the von r.arru'-n aolntl; 



the coeff '-cient o h*-'' 



transfer (h) by convection only is determined from the 



'11 



Stanton nnnber. 

e h ■ 



cxC 






C ii 
P 



( 45 ) 






Then tlic not heat flux at the v;all ie <'"otGrnincd 



(q/A)^ . h (T^ - 



(4G) 



For this caso 



(q/A) « - 14,500 J'>tu/nr.ft“ 

o 



Iloxt, tho tenperature distribution across the pipe is dotor- 

mlned by use of tho von Karnroi nothod of solutio<i. 'i’lis 

solution in identical v/ith tho co ibinod boat transfer 

temperature distribution solution presented by oquationo 

(20), (22) and (24) rhon (o/.i) = 0. 

V 

The resulting tomooraturc distribution frnn those 

equations for zero radiation Is shown in Fiyure XTX. 

How shift to tho case of the real radiatin'* ns, nure 

carbon dioxide, with otherwise Identical fluid properties. 

Assume that tho followin''* p}Tysical conditions exist, 

(a) Pipe d lane ter - saj'O value, r a 2 inches 

(b } eynoldo n*unbor of flow - same value, 

» 20,000 

P.o 



(c ) 

(d) 



Oas pressure - icvio value, o ■ 1 at ..o sphere 



Pino wall to. .”Ox at'or - samo valuoi 



o 



(o) Total not host :^lu:: for the ;as at 'tho '.'.'‘ell 

(novV Including radiation) - same v-aluo, 

3, 

- 14,500 i tu/hr.ft (not tho saioo as tho not 
heat fli.uc to tho wall as ohov;n in idnanc T ) 



42 







c 












f 



A ’ 



i oc t.-.c vulucj. 

U.1 ’ cv''r.u- .t . 



» O 1/ I- • 



»lx ii.Lc.-<.l . _'. 
a-' iD.i ill j . ci’t . 1 . :: 

tc..'; 'Oi'utwOr’c . 

."1 I'.'Sk cufu, , L. '•’.at'ai- • ( 1 ^ -.i’ M ■I ’; v..,: Lv- 1 ': 

fluic’’- tc. -ytilMlv.aX tv*.‘C- i' /V ..- \j X*.> lA wi ^ •-/ lO L'JvX-fc 

te. Doin'. t ’xo x. 'V.'L not c .ur: ,, rn.(’ , oo in.c.iGoirv'i rooertios 
vrlll bo ov^sliu'. i/oo at V:\o r.a 'io bul’* toi : )cr ';t’;..'’o v ..'.uc 
■ r.OOO'^f. . Ti.o Vi.bao* Oi'C o- i.;xlo.v • (■'. 1 .. ■pu.'i. J„- • 

b , 

Wo objective, r .1 t/-ia ooir.i, it, to uctcr'iiiG o. nev; 

top.jorature i xetril>ati';.i l.ielauixn.; tiic r*.c elation, .-• ■ '••etc. 

Tb.is result ca.a txicn bo con.parcc -witb tbo 3C2^o-ran'iatio.n. 

eolation for cocipurative analysis of txio effect of raflatlo'i 

on tho ovora.'li proolo. u 

.111© solution for this nox.? toTijperaturo distribution •..•111 
raqairo a roiterutioii procedure in order to ap ly tho 
raciiatio^'i tornis in tac 'oroblcn* As a first csti, la-to, -the 
‘Cox’.o radiatioa tGjnpcrat'02'’o distribution v;ill bo iised* 

I'b should bo noted that, fo'r tliis probleic, t’lo flrct 
xialf cf evuch of tb.e t'u’oe to .ipcraturc distribution cn-uati'ons 
(b ) and ( 4) will not be affected by eha,i on j..i tl:ic 
tci'ipc^rature distribution, ..iieco (q/h)^ tcrr.is i-iay be 



oval'aated oneo and fox' all at the ylvo's orooorties and 

"■ 1 ■"acb, •the: t o.r :s ia»u abnD«.'’; bee i ovalaa^I c 

in the aoro-radlat io:i solatioxi. 'ihose results arc tabulated 



(o/a)^ value. 



iOTKu:: 




I 









Tha socoru ;»art of oc.ch o2 thcne oquatioic: , i ivolvin,; t:io 

radiation fl\x 2 z (q/A) , does c'o:>ond on tho tonporaturo dic- 

r 

tribution* Tho tor- is outoido the intc-qralD rn., bo ovaluatcc' 
at tlio "•iveri propcrtleo. These coefficients arc also 
tabulated in Append in r/. 

This brlnps up tho blp pro''lci"'i of ma.'ioricai evaluation 
of radiation (q/h)^ Integral terms. The first job is the 
determination of (q/A)^, as a function of radius usin,; tho 
selected first estimate tcnpci'aturo distribution. 

This Is the start of tho reiteration proccduro to 
establish a final compatible temperatirre distribution. 'Uch 
of tho follov/lnj steps will bo repeated 'ontll that tonporaturo 
distribution is reached, lamplo da la and calculations for 
each of thoso steps, based on tho final trial temperature 
distribution, arc shorm in Appendix V. 



Stop 3, 

Calculate the IZ distribution v/ltln radius. 

Step 2 

Calculate the control volume total radiation ciiisslon 
flux as a function of radius. 



(q/A) 



OKiission 



- h 



(■IS) 



Tlio calculations of K P , and {t.)^ are shovm in 

^ o 



Appendix III 
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Caiculato u'.io v/all co'it7r»ibut.lo’i radiation fliix ac a 
ftriction of radius fron oq'oation (42)» Thoso results 7vill 
bs constxnt for this ■•>arti cellar problon ci.nco b ia bold 



oonotant as a r.ivon boundary condition* 



v; 



ntep 4 

Calculate the pas contribution radiation flux as a 
firiction of radius froin oquation (41)* This will require 
an integration for each radius point sirxco is iJi the 
integral* 



Stop 5 



Coifoino toims to dotcrxlno the not radiation fli.ir: at tlae 



control voluneJ 
(q/A) 



r 



(q/‘‘ ) + (q/A) -Tt (q/A) . . 

gac wall ' oxuisoiou 



(40 



Stop G 

Plot tho results of stop 5 on a largo scale plot of 

(o/a) versus radius an,d faro in a curve to detornine noro 
r 

complete (q/A) radial distribution data - ospoclall'" near t!ie 
r 

v;all* 



Step 7 

Calculate the (q/xA)„ terms iiisidc the integrals of trio 
throe tor.iporaturo distrib^ition equations (30), (22) xid. (24)* 



Step 8 



Plot the results of stop 7 vornus (y***) and integrate those 



curves in steps adequate to doflno the te^poTcituvc distribution* 



J 








w 



rtop 0 

■’tUtiplr the recultin. - i’\tG<-’relD b:; thxir appro r-* into 
cocfi’lclontn orcviouolp calcr.latot' and tabulated i;:. /’’^'xndiy 
Thin rccultr. in the co’'i'"lcte ovaluatio"' of th'* ^'’/A) 

V 

radiation heat fliu* terne in the ton:>oraturo dietribution 
equations ( 20 ) , ( 22 ) and f 24 ) . 

Stop 10 

Conbino these re.diaiioii heat fie” tc*:a'i3 tho (q/A)^ 

torr.'*s tabulated in Ap"'cndix f*'’ and no obtain tiu ■;o'np^ ratiroo 
dlntritutlon uith radius frov.. tho appro nriauo equation: 

I 'or { 0 < 5) uao ocuation (20). 

lor < G<y^<bO) use equation {22), 
l or {ZO < ’f' (_ 1 ^^) uso equation (24), 

Those ten stops aro repeated ’until tlic rosultin;; 
to’-’.porature distribution is nca.rl^, identical .;ith tho ontor- 
in?’ tenporaturo distribution of that trial, 'Ihio particular 
soKiplc problon rcqv.ir«3d ej "ht trial ool’utionc ir order te 
reach conver 'enco T;ithin plus or r.iint.ia one dcfp'oo for all 
radii oncept tho oentor'. ■'o ■oosition. ^hc final tcrr'orr.turc 
distribution is plotted v/ith the orloiiial soro trial tor.ip- 
oratuh’G distribution for conno-risoii in "i.urc *C‘. 



RIAS.. n - :’ct rad iation l ie at '' 'ransfor t'-’ t ho '''all 

Tho next step In t’lo lioat transfer annl’j, sis is the 
calc’ulation of tho overall not radiation heat fliu^ which 
actually reaches the v;all fror. the whole eas, hov; that tho 



r 
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Pigiire XX 




J 



to-ipoi-aLupc distribution in tlic (_,a3 i 
a rolativQly oiriplo procoos. 

Tho one uay . as radiation a:ial;”s 
previously o’/aluatod for tlio uall rad 
Cas cubo in steps b to y of Hiase r. 
In subscripts and tiic arl’ition of one 
tlic radius of t’lu pipe. 



0 cstabliohoc, tliis is 

is is the oauo as 
iation roccivcd by a 
e:ccopt for sono clianpcs 
noro into, ration across 



Step 1 

A 

"ivaluato tho radiation or;iis3ion (d“q)^„ v7!iich is rocoived 

by a pipe v;s.ll area oloriont d<i frora a omll cube of "as of 

o 

dJir^nsions r.d^^by dr^ by rlj:^ located at r^, and r.-y • 






- «2 T| R CoS© -f <i- 



r 



•: r^-tP*"- *3r^ r CO., , 



o /o 
“.or. X- ) 



(47) 



c<i can be si’Ttplifiod in dlrionsionloss for::: to 



the 



following : 




Step 2 

Intc^rato this expression alonj; tho cjr.ploto lon"th oi 
the pipe to obtain tho radiation er.iloslon (d^'q),.. v;hich 

V 

rcachoD tho wall olor.ont froip a lonf- thin rod clonont of pas 
located at r^ and -t . "‘bo axial tennoraturo variation is 



noeloctod for this integration* Variablec ai'c c^r^rn’ccl to 
avoid in.flnit 3 ^* 



(d'^q) 



V7, 



C 



n 



3r 

7T 



(xMkX 5) Ag){\ ■ 5 c,.o, ■)<£«, (<fi4) 



R 



r 



"-"t Co5 



« -J V. 



(49) 



y qO 



Thia Intocral has bc-o' carried out ac previous 1;/ discuscod. 
'fho results arc sliovai lii '"'if"atK 5 S XI t’arou'^h X"'.']', 



Stop 3 

Dotorarloic tliG radiation o-'.;losion (d^q) r/X:lch in rocoivod 

T7^ 

U 

bj tho t/all olonent froii a thin cylindrical ras o'to ' 1 located 
at r^ by into.^ratirv^ tho uroccodin" expression in 



(d^q) s 

r-w 

t 






7T 




o"<X"^^cos'^.6lVib0(5O) 



This intoi^ration has also boon carried out as dlscusnod ;ln 
stop 7 of i-liaac L* 'i'ho results are shov;n in Fifyaros rvil and 
XVIII. 



Stop 4 

Intoc^’ato tills last exprossion aci’oss tho radius in order 
to obtain tho radiation emission (dq)^^ vjhich Is rocoivod by 
tho wall clojiaont fro™ tho whole yas in the pipe. 



I 















.CosV 






<fei©(5i ) 



r. 
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The rad3.ation eKloaion recoivod by tlio 'i7all olcinont rron the 



r:aG per milt of \7oll oloi'iont area Is siraply (dq) 






lliico 



dA, 



this oloriont is typical of all such v;all olo'ionts at this crocs- 

soction then (dq);,, * (q/A)„ • 

C 

This result shoulTl also bo oorrectod by the real ,.;as 

trans::ilttancc uoi.iitiv^ factor (z) • This loa'’s to tlio 

G 

follouiny corrected result. 

r. I © •- " 

r 



(q/A)„ : 



”e 



ir 













This 5-ntcrral has not been shov?n before in this analysis. 



’he results of this integration arc shotm In Apponci:" ’M, 



3top 5 

Tlio second co:*.r>onont contrlbutinj (no ’atlvoly) tlio 
overall heat flm: renchiiv tho 'aall is the total rnOiatlon 
cni scion from the v;all ele'oiont 




C 



(GO) 



Ginco tho noils aro asounod to bo “ , s l. Also, this 
nail clcMont is typioal of all such oloinonts at tliio cross- 
section so 



(q/A);., 

£ 



6 



(5d) 



wmmm 







IIou conbiioo toms to find tlao ovorall not radiation heat 



flux reaching’; tho v;all from tho t;holo 



R G 6 



Tho nuiaericol results of this anal;, ’■sis a.ro shov.ni In 
Appendix VI, 



PHASE E - Total hot TIoat Transfer Pate To Tiic V'all 

Tho total not hoat traisfor to the wall Is not the so::ie 
as tJie net total heat transfer to tho gas control voluw .0 
located at the wall, OTiis is duo to the differonoc i)i 
radiation influoncoc caused by the on^los of incidence of 
radiation boans on the wall area. In ad Ition, a clian^c of 
sign occurs for the convection cor.nonent leavin'; tho "as and 
ontorlnr: tlio wall. This causes an adiitivo effect of con- 
vection froir. tho local -as rin,:; control voliano and radiation 
fron trio wholo gas, 

■J'^or the nns next to the wall 

{q/A)^ = (q/A)c - (q/A)j,^ 

convection radiation 



(q/A)^ is tho assumed constant hoat transfer rate for the 
next to tho wall, (q/A)^ s -1<1,500 

(q/A) , at ( ) 5 1, lias also been calculated and is 

TT 

tabulated in Appendix V, iq/A)^ 2,1G0 htu/ar,ft^ . 



t 



i 



I 
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Thoroforo (q/A.)_ , tho convoctlon co*: :>ono’it, .la-' be 

c 

dotornlnod £ron oqmtion (5G) 

(q/A) ■ (q/A)^ - (c / ■ - 1C,GG3 

c O x* 

Uov; for tl^c v;all heat transfer rate, 

(ci/A) « (q/A) i- (q/A) (57) 

■a 



Lut in this case the convection torsi, althou. equal in 
naqnltudc to tho precodirvi /’as convoctlon torsi, Ic of 
opponito sif^n (oOlne into tho riall). 

(q/*0^. s - (q/A)^ = ^lo,GGS btu/nr.ft^ 



I'hc rail radiation tern i;as evaluated in fiiasc 
csultc ore shoirn in Appori(li;% V^', (q/-0,. - “16G7 I tu/iir.it^ 

Wp 

fherefore, tlio total not l^at transfer rate to t/io v/all, 
inducing radiation for tho cpocified locoblon is 



(q/A) * lo,355 Ptu/iir.ft^ 






I 




I 

1 

I 




p - X3 'P r' 






>1 
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Tho cori-'inatioa raf’iation aii'.1 ccavcctioa hoa'i; tr^-jisrcr 
pr’.blon ia soi.’.ot.ls'.oa cr;'^aidorcc1, Tor aapro7:i!'iatio as a sutr. 
of tvD inooscndoat solutions. Vhon tas tcripcrs.tupo distri- 
bution Is not actually dGtorr.inccl. The radiation s ^It^tion 
Is based on a constant bulk toinpcraturo assi Txcd to the v;hole 
•as. The convection solution is tahen :?iVjEa the x'osults of a 
pure convection, soro radiation analysis usLu' tho ap.,-)Z-»opriate 
bulk terrperature of the ';as« 

To coieparo tho sun of these incleyondent an- roni.’ a.to 

solutions with the conblned solution nuinorlcal results, a 

comou bvilk tcni'xjraturo of tho -as is conputed by equation (44) 

fzori tho ccribinod solution I’osults. T, * 1949®F, 

b 

■"luid propertioG are aosusnod to }iavc the sane value, and 
all boundary c nditions are tho 3ai:io. Thorofcrc, the pixro 
convection coofficients of heat triuisfor for the -as to tho 
wall is unchanyed: h - 10,0 1 tu/m'’,ft‘^ fr or. equation (45). 

Thou for the i.ndoponclont pure convoction Iicat flu:: t£ the 
wall, (q//)„. ■ li(T. -T^) « +13,090 I tuAr.ft^ . 

Tlic indepondent constant pas tenperaturo approninato 
radiation contribution to the wall nay be r.i"on by: 

("'cAdans Gj , payes GO aiid 90) 

(q/A) 



^ - -^r:o^"'o ^ '‘Vhore ® 1049®P. 



A 






( q/A ) J, i 21 27 ntii/nr , ft ‘ 



This sinplo calculation yields 




H' ^ m H mmmmmmamMm ji. i 



Tho ouir. of thcso tv;o indcpendont solutiona should ro- 
proaont an approximto total not hoat transfer rate to tho 
wall* 

(q/A) » (q/A)„ -f (q/A)„ « 16,117 ^tu/hr.ft- 

\V ^'C . 

Tor comparison, tho oorioinGc a:ialysis equivalent results 
are .,ivon as follows: (for tho samo pas bulk tempero-tiirc and 
tho saino wall temporaturc ) • 



(q/A) 



convection 



= (q/A)-,. = + 16,668 Btu/lu*. 



=+ 1,667 rtuAr.fP 



(qA) . 



.'ot i'otai 






T't’j./'ir.ft 



o 



= -Mt,5.35 
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and T'l in cuss ion of results 



X“ T ’;j ^rr .T» 7* T 
JL a\ J vw. X X ^ 

'■.'ho rosvJltn of thin ■'j'losis i.:ay be ’3?ouoed as follov;s: 

(A) A noneral solution for the '-as radiat5.on hoat 
transfer nrobloni for a :ivon •as temper a tiu’o 
distribution in a circular pipe. 

(B) ConoraJL nui'ierical results of th-c prolininary 
intoyrations r y-iiirod iii tho abr,vo solution ibr a 
ran,-’o of problem variables. 

(C) A oroceduro incorporating tho rnrintlon 

solution with the convection heat transfer 
solution in order to obtal;i tho overall combined 
heat transfer solution. 

(!') A scunple numerical solution for tlic combined 

radiation o.nd convection heat transfer problem 
by the methods developed above. 



(A) the eneral solution fox^ 
problem is , ,ivo:i in detail i.i 



cho yas raciation hoat transfer 
rhaso and D of txie ^'rocccure. 



X ixO 



only 



1, 



rostrictions ijnposcu 
'the Geometry of tho 



by this solution arc as follows: 
^;as oxiclosuro is that of a very 



Ion ; oii^cular pipe 



Tho radiatioii proiortios are constoiit, so limitin'; 
tho ranyo of '"’an tcr-'.ncratiu’c omtrer^s in any , ■i^^on 



oroblem 



2. 



3 , Tlie plpo v;all Ic aaramcd to be black. 

4* The tomporatui’c distribution la npoc- flod. 

For convoaienco, but not of necessity, tiio solution has 
been \7ritte11 nlth trio additional assuniptiona that the tor.;p- 
crature distribution is a::is3a:ietric, and that the tonperature 
fradient in the aerial direction ic rolativoly snail. 

This solution provides the anev/or ror t'lc- not radiation 
heat transfer rate to any selected control volune olonent i . 
the <yas, (as shoivn 1 :,. Ihasc ' of the Procedure) including 
the offecta of all the ^as in the pirn and the entire pipe 
wall area. Also, the net radiation heat transfer to any 
riven wall aroa olcnont from all the pas in the pi oc is "nvon 
in a olnllar expression (PTiase ’ of Procedure). 

(B) The prolininary integrations required in the above sol- 
utions have boon carried out nurnorically for a ran.'o of 
problon variables pcncrally ’ndooendent of aiy CTxDclficd tenp- 
erature distribution. In particular, tho first interration 
alonj, tlie leiXith of tho pipe has boon carried out in each case 
for a range of (K.F) values fron 0 to 10 . Thooo results arc 
given in their Kiost useful forn in tho sonl-lo * plots a "ainct 
(K^P) in Figures VI, VTI, and VIII for the ’as control volune 
cube, and in Fi-pu’os XIII, Xrd, XV and XVI for tlio wall area 
element. Those results may be used over a v?ido range of nipo 
radius values and a \7id0 raipo of gas absorntion coefficients 
(Kp. 

The second interration for each co.so is carried out in 
tho 0 direction around the pipe at constant r. '■'horoforc. 



r 
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who tomporaturo distribution otlll I’o'.naino outside the 

iiitofral for tliG axis:, nnc trie caco. Those into';rationc aro 

carried out for ono sa^n'-lo value of the dirionci^nlcss pura:r:ctor 

(K T' s 0,7o), The results aro shevrr; in Fi.'urcs X and XVIII, 
a 

Tho stops lea'in;;-; up to those second intor:rationr, ai’e 
rather involved due to tho roquire;;iont of oliiftXi:: tho 
abscissa of tho first iatc'Tatlon results to tr.c apnropriatc 
<•: values. (As do .crlbod in liiaso «■ of the .rroccdm’c ) . Also, 
the added cosipllcation of doalinn v/ith infinite oruinates for 
several of the curves rocvuircs the use of approvinato ucthods 
of nuiTiorical intor-;ration to obtain in.to 'rc.lo of tiaosc curves. 

Other intecratxons in each ease aci’oss the ra<'ius rcqsiire 
tho iuti'o duction of tho toirsporaturc distribution and thoroforo 
can not be ..;ivGn in advance for any yonoral case. 

(o') The corib ined convection and radiation heat transfer 
solution is dovolooed In ;cneral xorr.i in fliasc A of the 
Procedure. This solution is li^iTltod, as siiovjn in the develop- 
rnnt, to a special but fairly typical case. Tn particular, it 
is voted hero that the radiation heat transfer at tho v;all is 
assunod to bo relatively sriall coKinarcd vvith the convection 
co.:inonent of tho overall heat transfor at the wall. 

Tho von i’varrian consta:'it properties pure ccvivcctioii ;ioat 
transfor solution 10 t;as usod as a basis for this co:::biucd 
analysis. This solution i.as chosen as tlio best a::ial:-’'tic 
sol'ution for t!ic cor-voct.lon problen, v/iiich permitted a rel- 
atively siinplo for:3 of intocyation. Tho Ilartinclll coliiticn 
, nliich covers a wider ran ;o of application, is not si,;- 
nificantly hotter for "'asos (in tho ropion of 0.70), 



but rcquiroc s. nucli r.iorc co’T'>2.e:: fern of intc'-ratlon, ^:‘ho 
tempo rat us'o diotribution E-von by tho mothods of tlio 
von iCarmen oolution ia net as roliablo noar tne contorlino 
of tho pi o, but this voa’oiocs v;qo not cor.oidcrod nl •nrlficont 
enou :h to roquire tho use of tho Ilartinclli solution os a 
basis for tho cor,i)ined analysis. 

Vhc problou in tho corriivlnod analysis concorns the 

evaluation of the (q/A) radiation heat flu:i teii!i as a 
conponont of tho total heat transfer rate at a:iy point. I’horc 
appear to bo t\7o possible interpretations as to tho neanin;; 
of tho apparont heat flin: at any , .iven point, Phosc t\7o con- 
cepts are as follows: 

(1) 'fho apparent heat flurt (ci/a)__ rop’^csonts the total 
heat trojisfer rate crocsi-’i." the oonstcait radiun boiridary 
of a yiven rie,'’ contr>ol voluiic. '■’hut ir, it roresonts 
the convccti'Ti ’'.cat tronefor rate por 'znit area a.t tliat 
bounchai’y (at ’''lus the total not contr5.bution of all 

tho radiation lioat tra.nofcr rate from all ^ji^icr control 
volirnos (at r r^) which actuall:;- crosses tho.t boundary, 
por unit bou,ndary area, as radiation }\cat transfoi*. fills 
is tliG nost strai- ht.foinvai’d anf’ physically tiin'iblo 
interprotation, but unfortiriatoly tliis required- radiation 
function,as s ocified^is very dif.'^lcult to obtain, "he 
dl.ffioulty is bronnit about because of the renuired. 
accounting'* foi' the tronSiaittance of tho yas and for tho 
adjustment of tho contributions o.‘‘.' radiation fi'on tho yas 
l.jsatod upstroa:: a.nr’ dov.eistrciim. 
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(2) Tile soconcl iatcrppctn.fcion ncruics the apparont heat 

treuiafor fliuc (q/A) at anv point to bo a not heat 

app 

tranafoi’ rate Tor the ::aa locato<'’ at tha.t poi^it, Tliat 
is, it rcorosonts the algebraic siii'-i oO t)ic convection 
hoat transrer rate per iinit area at that point, (at 
plus the not radiation heat transfer rate per unit area 
(noriiial to the wall) at that same pohit, Hiis s tat client 
is not complete, hov;ovor, until some dont?i is aseipned 
to the pas under o 'nsidcratlon at this oint, s b.co tlio 
'•as radiation r.iust refer to a volurie. "i’his Is accomplish- 
ed by roferrhi^j the radiation heat transfex’, (q/A)^, to 
a diinoasionloss unit tliiclcicsc of constant tcr.pcx’atur'o 
^;as located at this point (at r, ). This is the (q/A) 
tern which: is used in. this dovolopiocnt, as defined at 
the end of Paaso P of the Procodure, 



It shouid bo noted at this point that the diffcr'oncGs in 
interpretation of the (q/A)„„„ and (q/A) tor*r.is liavo no cf.?oct 
on the dovclopod toraperatm^e distribution equations (20), (S3) 
and (24), oxcopt insofar as wiiat is nov/ noant by (q/A)^ - 
(q/A) for the ;;;as at th.o v;all. .If (q/A) is tahen in the 

Q.pp 

first sense, then (o/'Oq * - (q/A)^^* Tliat i^ the total co bin- 
od heat flux for the qas at tho v;all is equal in mcultudo to 
the total combined heat flixx to tho violl (as in the pure 

convection case). Put if (q/A) is talcon in tlio second 

app 

conso, tiion (q/A)^ ^ -(q/A)^^. That is, the not combined heat 
flu:^ fos’ tho G^-s at the wall is not of tho same ria^;nit'udo as 
tho not coiabinod heat flujc to tho wall. This second case is 



30 



tho casu usod lii this dovolopMoiit . the i'*olation,ship bctv;eon 
(q/A) and (q/A) for this case is :xvcn in Paaso r; of tho 

O \7 

Ih’oeodui'e . 



i">) In order to dononstrate the aeplicatioa of the conblaed 
solution, a nuniorical sanple orobloir. v;ac carried to connlotion 
for pure carbon dio:cldo "ao p.s discuseod in Hiaoe C, Faar.o 
and Fnase h of tho Procedure. 

As a starting point, a pure convoctlon cnl’i.txvon ra.s car- 
ried out to ctetcrninc an initia.l trial tornoraturc distribution 
(Pirporc XI70> and to establish, boundary conciti lus for the 
conbined convection and radiation problem, 

Tho enribined solution roqu.lrcd a rcitcrat.lon :,Trc- 

ceduro to ostablish a comoatibl.o toranorature distribt’.tion. 

This process is doscrlbod in .Plxaso G of the Proceduro, and 
soinplo calculations arc .nivon in Apoondlx V. Tho rcsultiixc 
tc27ii3erature distribution io aiven in riiparo /C., 

Tho ^:oiioral o/iapc of the ccnblnod solution tompcratui*o 
disti’ibution cui'vo is si .nit’ioimtly different fr')i:i tho ori :inal 
aero radiation result , dho te:upcratiu’o appeers to coi;:e closer 
to a imifora value across tho pipo, so that the tcr.pcratur*o 
pradient near tho uall is relatively troatcr for ci .ivon 
rxuiiiTon tcjiiporatur-G or bulk tcu >or- biiro of tho ;as. 

The drop off of tenuorutiu-'e tonaru tho cor'ter of the pipo 
is of special intorost. This is due to the rolativoly favor- 
able position of this ’as for radiation iatcrciianiie nlth tlie 
rest of the pas in tho 5iuc, coupled vvlth the early assuavotion 
that varies linoa.rly nitn the radius, ' no integration 
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procedure used in the vo:. ilarrian method of ancuysis, as 
extended to this apxslication, provide a relatively v?cak 
tci’Tporaturo distribution rociilt near the centerline (as 
Qxanollfioc! by the sen ra‘'iation result). Uonovo", it is 
beliovod that the drop oi'f 'n tcnocrat-j.re nenu* the c-^ntcr- 
line docs in fact exist, nhon the axial tonoor ;tni’o yradiont 
is nearly unlfom t;ith *'adius, 

T^ic tonporature calculation ri-,ht at the contcrl:’no does 
not yield a. o-vn-yatiblo tmporatui'o. ''■'Ills tcmveratiu’e does not 
si ni-Ticantly inriuoneo the other ts:':oeratu:'’c calc’ulations be- 
cause oi tho sero area acsDciatcn v:ith the centerline (r - 0), 
Thoreioro, it is c^nsldoi'od jUvStlf lablo to faro in ein 
approxhaato temperature for this singular point, tthcr more 
coonlc:: methods of into Tation, such as usod In tioc fartinoll5. 
pure convection analysis, xjpdit bo used to obtain noro accrjr>ato 
tomporaturos very noar tliC cc.itcrlino. lonover, tho influence 
of the .;as tor.iporatui'o \'orp' near tho eontoi'liuo is very small 
in the overall heat transfer aiiai,rsis. 

The to'oa?. net hoat transfer ra,tc to tho mall mas cal- 
culated In PhasGs i' clj.x<1 of the ?r cod\.irc. his rosidit 
showed t)iat the radiatl'^n effects i >c. to a ;c.l. ■. in th^; total 
net hoat transfer rate to tho '.rail for tho ivon boujidory 
conditions, fho torSj'craturo distribution curve, inu’o 'Ci, 
shows that the bidlh t 0 *n->orat;u?o of the pas is lowor for the 
CO hii.ed solution exai-inlo. Theroforo, the conclusion is 
reached the/o the ovora.ll effect of the radiati ;n, cor.inrsr’o ! 
with a a or o-radiatijn rosull;, is to increase tho rate of total 



net iio^t tranefcj 



thr. wall Tor a 



\vcn bul!: tcr.ncraturo of 



hot ;as and c. specified ;old. v/all tor.vponatui’':. 

V'lls concluai'^fi. It rnuat hr omnliaciaod , is Laser'' >n a 
relatival;,’' restricted solution roachod v;:* t?-!. t'.ic aid o:'' 'cho 
!* inlta'tions anc' assLU'v ti'ns previously rva'olrr'o''’, ~t is be- 
liovoc t?iat the neat sori/'us limitations iai'oosc'’ out th.is 
c S'.hi ICC* hoat trans"^cr soluti -’r'. Is z'\o rortrict5.on ts constant 
fluid iroopcrtioc thorou 'hout tho analysis, ^"’ho of^oct of 
var'lablo pro'oorticc ray, in fact, ho very si ; 
especially in the bound a^'y layer vdicro the toaiooratm'o 
fradient Is very steep, '^t is stil3. "^oaciblc tha^'> the conbinod 
of:"ects of radiat .‘on covi )lcd -aith cor.vec t.io' , with va.T’lablo 
nroportioG considered, ni 'ht oven shift t^io overall c ” uoinod 
aiialysis to a roducti-'n in. the total net hoat tro-isfcr rate 
to tlio v;al.l 5.n some eases iusto’.d of fnc , ,aln slio;:'. .i'a this 
constant propertios analysis, 

’''ore conclusive ros'ilts ai’c obtained in c repari e, tliis 
conbinod analytic solutio i with the su-rsnation of iar-opoudent 
convection a.nd ainplc r’ad.iation soluti.ms which d’) net re- 
quire conpleto tou'poratcU'o distri .rati->n spec l.ricatiou. To 
accoKipllsh this corioarison, the ax''orcv:o bulb teai’'orntir'>G o.f 
the yao was licld c.nstant for the tw'o eases as dosoribod in 
Phase of the .P’oeod-ure . T’hen the total net heat flrn: at the 
v;all w'as cornarod for the tw'o "lothods of solnt'on. 

This cor.ipai'ison sho'ucd that the t.otal net heat transfer 
rate to the wall was hi"hGr in the c nbinod solu.tio'n tl-oan in 
tho GUixnation of the Indopondcnt solutions, radiation 

coaoonent of tho hoat transfer was lov;or at tiie wall in the 



co’Mb3.nod out tliu cou.Vf-c ..'-cue-it ol' to.;, hoix'c 

tran-.^or van hi ro that tic total . .c t boat tuaiGTcr 

rate to the wall -..'aa h..V/:xc'’ '’cr the c -•■hlno':! a-ial::tlo ool.ition, 
T’h.o'^of o'^c , It in coaclurac* hj tho 1 ido .c^ri'ic it n"’ ationa 
catiiiob bo ach'e;'' to •ot’xor to Iv- an a’equato oolutlon for tho 
con’- liatlorx r ’. 'lation aai corvccth'n l:.cat tra i fc^ r’.= Ijl "m, 
hhe radiation aaf coivcct 1 •'i cou 11; o.?'’oc!'- ■■".ol he latro'* 



''’acod in a c In o 1 a la.l' 



•;,o c.cncr''n.-io 



Uny. . -V i. - •> 's^ 



distrlhutio .1 hi or'clcr to adoo’iatcl'." co crih:- t’le heat 



traisfcr ooluti -u 
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Thei*m7t rac'iation c::crto c. r.rljnificant i-’ifluenco on 
the total net heat transfer fmn a turbulontl^ flov/inr hot 
fluid ill a circular pine, A oolntion to this coubinod 
radiation and co/ivoctio i heat truyisfcr urobioLn is prosented. 
OoUvStant fluid nropertios arc assuned tlirou hout the 
anal'/eis. A sa^iplo nu’:5orlcal problorj Is can'iod to core- 
plot ion for puro carbon dioxide ,;as. 

The results of this constant properties solution 
reveal a s’fiiificant sain in the total not boat transfor 
to the wail conpai'cd to an equivalent soro-radiation solution, 
•T'ne siiaplo addition of indepondeut radiation and 
convoction solutions based on the -as bulk torn :>cr i turn do s 
not provide an adequate total net lieat tr'annfor solution, 

•■>■>10 couplin : of 'octs of radiation and. convoction r!.;:3t bo 
introduced in a co3l)in0cl analpciG to doteriainc t.ho toinp- 
eratwU’'o distribution in order to adoeus.tcly derreribo tlio 



hoat 



transfor solution. 



C5 



K!ic )iis 



The results of this thesis cannot be oonsiderod an a 
conclucii^o explanation for the effects of rad’atioii on tho 
r,enoral problon of heat transfer froia a turbuloutly f lowing 
fluid in a louf circular pipe. Accord iiiply, tho follonln~ 
rccomraondat lo.UG aro ores cut od as the nost pro'aisli ' avenues 
for sirnlficant inprov’c^ent in tho iaidcrsta:idin.; of this 
subject . 

A« l‘:xploro tho foasrDi'ity of us in; the ’^'art inelll [ S j 
forr. of analysis for tho t c.np or at uro distribution equations 
for the coiTiblnod radiation and convection ajialysis. ''”10 
added rofinononts of a ''artlnolli typo solution v;ou"’ d provide 
better toniporatui’c distribution inforiniition xioar the center 
of the pipe. The effect of thi,c snail center section 
ternporaturo distribution O'X the overall analysis is relatively 
snail in any case, bttt it is certainly norc si. ;nir icaiat when 
radiation is present, "hcreforo, it is bcliovod that such an 
inprovenont should be invest iyated , 'i ho sinnif icance of this 
ir.r'rovonont would bo raised for cases in' v;hich rac'iation 
reprosents a hiyhcr contrllration to the overall hout transfo* 

B, Extend the conblnation rs dint ion and convectioii heat 
transfer analysis to incl.udo tho e.ffoctc of varicMe pro )ertles 
of the fluid* Jt is believed that a si nlf leant ir.pi’oveniont 
\7ould bo obtained by i •’.troducinp variable proportios for the 
convection properties of tho fluid. To incliide variable 



radiation properties of the fluid would require a much more 
conr.'lojc radiation solution, but tho irnprovonent acre would orob 



ably not be nearly so siynificant for most problems. 

Therefore, it is roco;r'cndcd that only the properties 
associated with tho convection heat transfer be c ;nsicorod 
x’arinble. This v.'ill load to a velocity distr5.butlon which is 
a function of the tomcraturo .'Mstrili-tion. Tho of foot of 
this consideration will be esoocis.lly apparent in the boundary 
layer reylon. The overall solution my yield significantly 
different rosxilts - especially for larger temneratm-'e oxtromes. 



C. Carry out the combined radiation and convection 

anal''sis usin'^ the total heat flxuc concent fox t)ie 

" ^PP 

apparent heat flu:: at any point, instead of the net 'neat flu:: 
concept used in this analysis. The definitions of these two 
concepts arc discussed or. paf o yy of the orults. 'ecauso 
of the more ton.'ible physical picture offered by the total 
heat flu:: coxicopt, such a result cou' d be more casfJy inter- 
pret od, and would therefore provide a stronycr ar^'ument for 
the sr_ilution. The objective of t’vls new more co"yle;c analysis 
vjould be to provide another numerical solution for a chee’e 
with tho rosxilts obtained usinr tho analytically si’iplor net 
boat flux concept. 

Tho chief problem, ’ohich is brounlit up by this new analy- 
sis is the cvalxiation of tho radiation comoonont of tho 
apparent heat flu:: at any ylvcn point, .-it first thoudnt, one 
inl'*ht suspect that the total not radiation T'lu:: crossi'i;;; a 
"iven boundary at r^^, is simply tlio oxim of all not rad.iation 
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effluxes froK: all the rirv" control volujaos located at r < r 



1 • 



stmnied frosi r * 0 to r • r^« Thoro aro two thlrif;s v/ron^ with 
t;\i3 siaiple suimnation, I'irst, and Most obvious, axial radia- 
tion compoaoiits are not directly accounted for in this 
sursnation, Fortiuiatoly , this difficulty is not si-nificant 
for the infinitely lon-^ arcisynctrlc pipe, if the axial tcMp- 
eratiire rradient is assuinocl to bo very smll. In th.at co.se, 
mutual synetiy exists for all control volumes alonp the aj:lo 
at a pivon radius; such that all the net radiation efflux 
from a series of control voltunes at a --Iven cros •■•-section may 
be assumed to flov; in a radial direction. T’horofore, the 
axial cor-:ponents arc acc->untcd for in this indirect r:anner. 

I:ut the second problem is not co.nqucred so easily. This 
difficulty lies in the couplinf: effect of radiation and 
convection. The svu^i of the totcl not radiation heat effliu^cs 
from all the control volumes insido of the raddus r^ doos not 
necessarily cross tlio radius r^ as radiation heat transfer. 

The mechanism of heat transfer ca:i chanye to convection hoat 
transfer for a part of that not radiation efflux \h ich is 
absorbed by the interim yas before rcach3.nr the boundary at 
r^# Tliereforc, the sum of all the radiation hoat effluxes from 
all the control volxaines inside of the racliu.a r^, rooresents 
the total net radiation flux at th-. boundary at r^, plus a part 
of the convection heat fliix at the boundary at r , If this 
SU171 la then added to the local ra(3ial convection heat transfer 



established by the tomnerat-orc •u’adient at , this total will 
represent more than the actual total heat flu:: since a part 
of the convection hoat transfer is accovinted for twice 



GC 



A niraplc solution to this difficulty woulG bo to 1 more 
it, 7]ion the now radiation tora (q/A)^ at tho bo’undary 
would bo simply tho foliowin,"; intorral. 



, /I 

(q/A)_ ^ )y, 

" ctv ^ 



O 

This would cortainly load to an appro;cirnate rosn't, but 
its sijnificance would bo doubtful until It is coiauarod with 
noro oJiact solutions. 

Tho rnro exact solution for this exnression co'ild be 
solved by tb-o followia/’ proceduro: 

CeiTvy out a conpletr* tlirce cliinonci-'nal analysis for 

each control volume cube at r iisido tho bcundar;.’ r^, but 

only coapiite the net radiation which actually penetrates t"no 

boundary radius r^. ^'Iiat is, to!:o into account o.ll one-way 

wall ro.diation vihich reaches t:io cube, plus all one-way -ss 

radiation fro-o the located between Wt and r which reaches 

i o 

the cube, plus tho fraction of the total omission from the 
cube which actiially crosses the radius r^. This last orils-sion 
term ara^'- require a rather involved calculation to account for 
tho transmittance tlii'cti, ;h somo averayo path len 'tb- to the 
boimdary at r^* The net result of these intcyrations would 



yield a modified, lieat fluu: term for that cube ( dn ), 



for 



a specified value of the boundary radius r^. Then, this sane 
evaluation should be roneatcc: for other renresentative cubes 
inside r-j^. '.ach cube will bo representative of all cubes at 
the same radius at that cross-scction, so reprosentin : a rln*’'' 
control volume. Text, siwi all ccTitrol volume contributions 



to tho fliuc at the bounc?uiry 
Then for this analysis: 

(q/A) s i r ( da ) dr 
0 ^ 



whoro the terns inside tho in.to,".ral v;erc evaluated for thoir 

contributions at r^* Thereforo, this v.’holo nrocoss ciust be 

repeated for oach selected value of tho boundary radius r^. 

This would finally lead to a (q/A) distribvition v;itli 

^1 

radius v/iilch could be used in the total heat transfer rate 

concent dofhiition of (o/a) « 

app 

Then a reiteration procoduro would bo carried out to 
Gstablish tho coj.i -atible tonporature distribution. This 
reiteration procedui’o would roquiro recalculation of each 

(q/A)j, value for oach trial bocause of tho variable tenn- 

1 

orature pas contributions. This nrocess should then 
convorn® final tennerature c?istrlbution and total 

not heat transfer solution. 

Noodless to say, tho work involved for tills job v;ould 



bo incroased about tenfold over the v?ork required for the 
solution presentod in this tliosis (even thouph constant 
properties arc i-iaintainod ) , lIo;vevor, the radiation solution 
in this thosis could bo used to advantage to roouce this 
work load, ospecially for tho axial and ^ dlroction 



integrations . 

It would bo intorestin.* to seo if this solution would 
yield si^pnif leant ly noro accurate results tlian the other more 



simple analytic solutions. 



At least one or more sots of 



cor.ij>aris on solutions by different nethods will bo required 
in order to shoxv which nothod is nost suitable to provide 



sicniflcant results with a practical anouiit of work, 

A final extension of tliis radiation torn, > 

evaluation could be nadc aft or the accur’ato solutions wore 
deterralned for several cases. irobabiy a relatively sinple 
approxlnato two-dinonoional brcalcdov/n could bo dovolo xjd based 
on the results of the nore accurate tlTrcc- dimensional 
solutions. Svich a result would bo valuable for general cny.i- 
noerinf; application for conbination radiation an convection 
Iioat transfer problems in lon^' circular pipes. 



D. A final rocomondation concerns the need for 
cxpori-JTiental evidence. Accurate oxporinontal evidence is 
needed concornino the effect of radiation on tine overall not 
heat transfer rate fron a hot flowiii^ in a cool pi~>o. In 
particvilar, tentporaturo distribution r.isa.suroinents would be 
most valuable. In this v;ay, a stron.^: chock point c "'uld be 
mado to co-npare the cuialytlc dovolopr«ent w’ith experimental, 
evidence. 

Also, comparative experimental evidence should be obtalnod 
to show just hov; simificant tho radiation off''cts become wlth- 
.In tho ranf'G of practical application o.f fluid flo’.v heat 
transfer problems w}"iore convection usually cominatos tho 
hoat transfer process, dr from the other oxtrone, how is a 
radiation dominated hoat transfer problem drian'iod by tho 
couplin': offocts of addod convection hoat transfer? 
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A few caa’ofu]. exocrinontc (.’.iDn ■; thouc linen s’louid 
nrovicio '‘liidanco to aliov; whore it is nost profitable to 
mko uso of coribir.ation oorivoction aj.id radiation boat 
transfer, ^’hls ohoul''" provide on csr-S’.;er to tlic choice 
botreon a radlatiei^ ^,a.s ar,.' a sird.lar uon-rac iatie.p ^ac 
for a specific beat t'virr.for application. 
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A, •n’lT'. -A" . v,' r'l.’A i’,s 

Conaidor control volono ao slioxn in '’i ‘ui'*os I a"id II, 
'.:'hc rior; ''a tills control volu!;o is ascu: ;o< to l->c stociO; 

a nlGTHotric turbulont ^lov;. -ill riuid nronortics arc 
assu’-Tod to 00 constcuit. (' cncral rorcroncoa: f3i , i , ' , 

air’ 0 , ) 

!• Continuity ouation 






c ( r/;.Vp ) =0 



(A-1) 



r 



7r 



2, I'oincntun I'quatloa - rtiroction 



ooo -’i'7orc '.' 7 . 0 , 



kJ • 



r Sr\ .go -^v 

(uo';loctl:i': all nocond order dorivatl\*cs in the 

a>:ial direction a.o boln'’ rclatii'cly snail) 

It ions (A-1) and (A-2) by addition 



(A-2) 



C o: lb Ino oQuat ior 






\ S,r S>r\-|„ 7-] oL J 



4. O'hc last ter--, of t’ois equation rcprc-.ont^ tho 
iu-cial ■•rad lent cf tlic "lonootui.: flu:!: in. tho rn.ial chlrection. 
Tills torn is usuall'^ s:iall con are od v;itb tlic otlior tcri.’x; a, id 
nay bo nojlectod. 



-- -U- ^ r 

^r\ yy; r SrVg, V 
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5. IntroducG tha tine averaf^c volocity coaco >t for 
turbulent flov;. 

V s V -f V * 

X XX 

V - ~V -t* v’ • 0 -f- v’ 

r r r ' r 





G* filter thosttorns in oquation an^' retain only 

tho xlnlto ti:no avore..- o tonne to ootatn the followlnG? 



i2 

c)x 




r 



c)r 



“T — r . 
Go 



(A-G) 



i V # J, li 



Considor tho control volune ae oho\7:i in ri 
(General roforoncoa; 2 , 4 , 7 , 3 and 0 ) 

1* Apply tne firet law of therr.odp'oianics 



’■•ures 



and II « 



du - dV/^ = di f d( v£ ) (f-1) 

X o 

Cj, 



dlQ=i- 







^ //v“ 4 ^ 

(r-2) 



nhero ( ^ ) Is tho net radiation heat transfer rate to the 

O V 



control voluiie per unit volvnio 




r 



rnf 







a7rr.i?rci?y 



(1-5) 



X: -t 

I 
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2. ’ otc the eontiauity cqxiation (A-1) equation 

(.j-4) anc’ si-:jplify to obtain 




'^nf' 

3L‘ 



Onr h: ^OnS iLipnr, 



<2 '/Tr J y d 7l 



(^- 5 ) 



o» Conbinc oquatione {'.-2), ( -3) anr (’-4) and divide 



by 2'Ordrcbcd t’. 












V' 



yyi 



) -t- />nr 

3^ 



3(%) 



r 



r 



(d-O ) 



4. Cor.Tblne \vith the nor.cntun equatij i ( .-2) aid 
simplify to obtain tho follov;ln:’: 



-- /""^f % 



r 



- le --^ 



5* For purposos of this hoat tra'isfor analysis, the 
pressure yradiont tem and the viscous t;ork tom arc s :all 
conparod to the othor toms :ln the quation, so they will 
be nodloctod* 



L- 

y" r 



^ + /a a/ ^ 



|-y©-+iyr5%\ 



6. Fov; coribino v;ith the continuity equation (A-1), 
to obtain tho followinn: 



^ ± A (r/^Ary') 



^ ---y. 



\]2 



(i-7) 






/(E-9) 



7. Aaaiirio the toMiicrutiu’.. rra.cHc.it i; 



tho 



ojclal f^ircct- 



ioa l3 relatively snail, so no:’lcct t; la tern, 

^ X r(k ^ -/"^r 

r 3rl_ (I 

0* hov; iatroclucc t!iG tine a'/orcnjo coxcopt for turbulent 
floi7 into equation {'’-10) velocity and toci’peraturo terns , 
Retain all finite tli.ic averafjo tarns. 



tine 
ant t 

Ovicy 



It should be noted that in v;aitin": to introduce tho 
averaye canceet at this polit, one rolativcl/ ir.rport- 
orn is not shovai in t*iis CaVw.io>.^:.''>o:it. a ^at tor:., is an 



diffusivity 





-)v-> 



, ':;hich ni. 'ht 



bo slyjiificant In some analysoc. Fortunately, this tern is 
not 3 if;n-iricant compared to tho othor renaininy terns in tho 
onorfty equation for pnrposoo of this heat transfor analysis, 
and Its omission is justified. This is duo to tlio hi h 
tomooraturo gradients and temporataro level oncountored in 
this application. 
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APP3‘J!roiX II 



/ . t APIATI C J’-TGI,./’!? 

(Conoral roforonces: [3.7 , [5j 02 id [GJ * ) 

The 0:11 a a ion coofficiont (II ) and tho absontion 

o 

coGffxciont (K ) oro evoluatod ac fvaictlonn of the c^-o 
a 

onilooivity and ^^^71) values* ""ho c'J. icnnion of oao!i of these 
coofficlcnts is tho reciprocal of Icnptli. It in asauiiGd in 
this analysis tliat these coefflciontn aro equal constants to 
be evaluatoG at oorio yiven bull: ten^crature of tlic cas. 



iv. 



ri- mm rr 

K 

G 



= (:t)^ (1-0 

O 



-iJj 



(C-1) 

(G-2) 



where L is the neon path lon :th 

is tho yas coaissivity at the "an bulk tcnooratu.ro 

t 

and avorayc (P.L) value 

(s 

and (:c)^ ic tlie real pas trans:::ittaiiCG wel 'htinj factor 

u> 

described in ston 0 on pa o oC* 






£? 
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G 



2q 



(C-5 ) 



Solving for K 



K = - 1 /n (1- 

I “1^ 



G 



(G-d) 



I'his oan be ojuaplifiod to 



K 



1 n ( 

z 



.JU. 






- e 



G 



\ 

j 



(C-o) 
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Then solving for tho dinonaio’ilosr. ara-iotor, .ji 



m s 



R { 

L 






L> 



(C-G) 



D, C-SOMi’.YRY OF TIH V'A.V .LFYTTT - CiV.\ Cirz T^AFIA'rL'U TOT.L]'; 
Goo Firuro :ai 

'■loto ‘CAo follov;irif 3 dlr-ionsions 
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r? - 2 FrcooA -t- 

1 o o 



C03 /5 “ cos (aai:) 



2 (Af^)(l3F) 






cof3/^s H%T%r^ - r^ 

f ^ mrnmrn mn twmi ■ n * Jlf<. AM' f ■■■•i ■ 

v/r^. -2 



<S 



2II? yr -f- r^ - 2Rrcoo‘3^-r :c^ 



(F-2) 



CO 



3/^= ~ ^1 
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T***^ • r» —4^ 

^1 -'-0^ ^Q-f -Cq 
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T/iliJL.'VJI -X' .iu; _ ICAL m^S^JIAS 
A. Convoction Aiialyals 

All properties ore ovaluntocl at the gas filr* torr>eratui'o, 
(Peforenco I-toAdano ) for :njTxL CAP:B3:: I^TOXIPB GAS 



P.IPAT.CTT'IJ 


SY. F.tiL 
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Film tonporature 


T 

f 
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OR 


Gas pros sure 


X 


1 


At MO sphere 


Thomal conductivity 


k 


0.0204 


DtuAr.ft^ 


Specific heat 




0.285 


utu/lb 


Viscosity 


M- 


O.Ooil 


CenLipoises 


Prandtl ITusibor = c^Vk 
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Reynolds I.'unbor 


•L 

He 
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Pipe diesnotor 


J) 


0.1607 
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Gas donsity 




0.0475 


Ib/ft^ 


ICean gas velocity 


V 


C-5.0 


ft/soc . 


Friction factor 


f 


0.0035 




Vail shear stress 


To 


C.0154 


'b/ft^ 


Kinomtic viscosity* 


7 


1.591 


fc'^/.ir 


Stanton ’rumbor * h 


T 

*'st 
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Fussolt 'u^jabor • h"'' 

IT 


r 


54. S 




Coofficient of boat traus- 
fer {soro radiation) 
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Total net heat transfer 
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o 
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VA*.".V . 


7: 170 
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l/f c ot 


pi radiu.. r 
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Convoction tc;.T">oratu 2 ’c f- (q/a) 

'.r <uj i «ife> ^ wi V* * Jl •« ^ <i» C/ ^ V 4 *•> 

fT(q/A)^= <ci/Ak 
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• 
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• •■ ■'f 


■'•nl': to'"' >cratrr'' '' . 


OOCd'- 


O- 


Co.0 T»morro d 




c^..t7.or 


.^'Ipc '^;* ai:::'otcv’ 
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Avo'^c. ""o na t ' ^ Icn f - ( . 00 ) ’ 0 


W. «l ^ ' •-/ 


. 0*--r . 


Avoro/-o P " val"o ( O. ” ) 


T r '> 


fi; - ati'.io c p' icrc 


^>oublG X I. '/aluo 2 { r J ) 


O.COO 


:''t“C t; 'i*'./ ■■ iC'.’G 


V, ✓ 

ITaiocivity at J.) f 

O 
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0, 1-0-7 




I'ipe radiuo F 


O.OGDo 


feet 


?incnGionlo'3C oi.ilaslon II K 

cooificiont ® 


0.7C 


— 


'Oi-Tions ionic GD abcoi'ption il P 

CO officiant ^ 


0.73 


— 


Teal jac tra:iaMitta.iCo 
VJoiiiti'. factor 


0.1138 




Stof on-'lol t ariaun cono taat 


0.1713 :: 
10"^ 


1 tu/ir.ft“('^. 
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A. Aero I'acilGtlo*!, .’uro vor.voccion Aova'.^ori^tiire “ istributlon 
CGlculGtlon 
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r\ 
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4 
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.rf- 


U”:^)r 


(Tg-x')Bfl(q/A)Q;: Col. 53 
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0 


0 


0 


0 
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ry rir<s 

© f 'w. 


-70 


G20 
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1.40 


-130 


GOO 




O 


0.10 


-200 


759 




4 


2.30 




5320 


0.00353 
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3.50 


-540 
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Aono il, (*5~< ) , ©qdatTorTTSA /, 
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G 
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-1 O r* 
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-540 


1239 




1C 4.GC1 




-4C4 


1GG5 




20 5.C37 




-5G3 


14G2 




2!v G.G70 




-GC5 


15G4 


0.05 


28.45 7.2G5 




-724 


1525 


0.0527 
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0.0527 
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r\ 


1343 


0.10 


5G.9 
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0.15 
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2.G10 


-2G0 


1003 


O 

Cl 

• 

o 


115. 5 


3.C3i 


^r\rr 


1930 


0.25 


142.1 
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-337 


.3035 


0.30 


170.5 


4.542 


* w ^ W 


20.30 


0.35 


109.0 


4.729 


-471 


2110 


0.40 


220 


r.07. 


-505 


2153 


0.45 


250 


r. • 0 


f- « 


2182 


0.50 
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5.520 


-560 




0.60 
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G.034 
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0.70 


3Co 


w ® '2 


— u‘_-4 
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O.GO 
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6.793 
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0.90 
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4-#0'C>'*2 
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The folloivijif tenooraturc eit’t''’lbvt lon cocf "'I cleats for 
radiation i’ito'’ral tcir:is in cruaticns (CO), (2f) and 
(24) are based on fil-n tcnpcraturo pi*oporties tabulatod 
in Appondl>i: T 






radiation to^aaor atiirc fdl53 ihS 
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step 1 - Calculation of )~1 





Aaouraoc 
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{T/lOO)^ 


■n M 

i.4 " J. 


0 


1950 




144,590 


24,7G8 


0.10 


1991 




157,141 


28,018 


0.20 


2010 




1GC,170 


2r.,4G5 


0.30 


2050 




1C9,G18 


29,000 


0.40 


2030 




169,818 


29,090 


0.50 


2020 




166,497 


28,521 


O.GO 


2001 




150,320 


27,463 


0.70 


1967 




140,690 


25,643 


0,80 


1912 




133,645 


22,895 


0.90 


1798 




104,510 


17,005 


0.95 


1651 




74,300 


12,720 


1.00 
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8top 2 


- Calculation of Padlation Emission fro.*n a ' ao Cube 
located at (r^r ) , (q/A)^ • -4{:c)^(j:gP )i: , 

(x) = 0.1158 , (K ■ 0.78 

r 0 


v^/p 


J 4 


-(ryA)^ 


0 


24,7G0 


0794 


0.10 


26,918 


9557 


0.20 


20,465 


10107 


0.30 


29,090 


10320 


0.40 


20,000 


10529 


0.50 


23,521 


10127 


O.GO 


27,463 


9751 


0.70 


25,G43 


9105 


O.QO 


22,395 


3128 


0.90 


17,903 


G357 


0.95 


12,728 


4510 


1.00 
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r>top 5 - Calculation 'T ■‘'no ' ay variation ’ roi?. 11010 

'..all to a ao Cube r.-ocateC at (r^/f )* 

~Pron r.Quatlon ( 4 S)j, (.Soe I'l^iurc ''XJJT.) 



^1^ \ s' cos Vo J 
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1.1330 
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0,1 


1.1350 


20 


0.8 


1.1450 


20 


0.5 


1.1675 


0-1 

- 


0*4 


1.2131 
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1 


0.0 


1.2733 




O.G 


J- # ivOOO 




0.7 


1.4214 


25 


0.3 
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27 
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32 
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1.1400 


20 


1.00 


0.5313 
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Otop 4 - Calculation of ‘^no V.'aj naOiatiori Tron tliolo aj 


to a r'aa 


Cube at (r /7<). 




[Fron liquation (41)], (Soo Fl,;t\ro X) 
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- - -- - - -- - - -- 0 .. . 
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0 


0.1 
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21,520 


0.5 


4.1240 


33,000 


0.4 


4 . 7094 


5'=', 747 


0.5 


5.9762 


35,224 


O.G 


6.40 


105,458 


0.7 
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0.8 


3.3825 


61,048 


0.0 


2.4312 
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1.0 


1.0048 


290 
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Then by numerical intoyratieii j fcolu^in 4{ 6{Vp/F ) - 51,108 
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Stop 4 - Continued 



i'abulGtion of (q//v) cec to cuboo at all radii. 

fh ( 1) ( It ^0,]^ (^*) fc,. 
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5071 


0.1 




00,322 


5890 


0.2 
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5473 


0.4 
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O.G 
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2215 


stop 5 
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0 
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20 
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0.1 
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20 
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0.2 
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20 
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—4533 


0.3 
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21 
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-4335 
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22 
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23 
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0.6 
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25 
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0.0 
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27 
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32 
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20 
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0 
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10 
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20 
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25 
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23.45 


Or''*.'"* '• 
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r r r\ 
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0.60 
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-5105 
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-5C47 


0 
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Stops 7 a:\d 8 - Obtain the (q/A)„ internals in the 

toir.peraturo clatribution equation:' (S 
(22) and (84). 



Z-o no I, (Q<y < 5) 

)^i q/ A ) « -+• 3 , o 7 7 

0^ ^ 



at S by Gl''.:pson’s 
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o‘!;o:?a 7 and J 


- Continued 
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Steps 0 

F/r, 


and 10 - Calculation o? Oov; Tonpi 

i.;; equations (20), (22) 

_ Radiation Hadiatioii _ ^ 

y IntOtTral Coofriciont 

(otc? 0) (App. -ry) 


sraturo is cribution 
a.id ( 24 ) 
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H754 Hopkins 



Effect of radiation on 
heat transfer from a floiring 
fluid in a circular pipe. 



